Total Cavopulmonary Connection is the result of a series of palliative surgical repairs performed on patients with single ventricle heart defects. The resulting anatomy has complex and unsteady hemodynamics characterized by flow mixing and flow separation. Although varying degrees of flow pulsatility have been observed in vivo, non-pulsatile (time-averaged) boundary conditions have traditionally been assumed in hemodynamic modeling, and only recently have pulsatile conditions been incorporated without completely characterizing their effect or importance. In this study, 3D numerical simulations with both pulsatile and non-pulsatile boundary conditions were performed for 24 patients with different anatomies and flow boundary conditions from Georgia Tech database. Flow structures, energy dissipation rates and pressure drops were compared under rest and simulated exercise conditions. It was found that flow pulsatility is the primary factor in determining the appropriate choice of boundary conditions, whereas the anatomic configuration and cardiac output had secondary effects. Results show that the hemodynamics can be strongly influenced by the presence of pulsatile flow. However, there was a minimum pulsatility threshold, identified by defining a weighted pulsatility index (wPI), above which the influence was significant. It was shown that when wPI < 30%, the relative error in hemodynamic predictions using time-averaged boundary conditions was less than 10% compared to pulsatile simulations. In addition, when wPI <50, the relative error was less than 20%. A correlation was introduced to relate wPI to the relative error in predicting the flow metrics with non-pulsatile flow conditions.
Introduction
Single ventricle heart defects are present in 2 per 1000 live births. Palliative surgical repairs (Fontan procedure) are usually performed in these patients which commonly result in the total cavopulmonary connection (TCPC), where the systemic inferior vena cava, IVC, and superior vena cava, SVC, are directly routed to the right and left pulmonary arteries (RPA and LPA). Two major options for connecting IVC to PAs are extra-cardiac (EC) and intraatrial (IA) procedures. In the EC procedure, an artificial conduit is connected outside the heart, while in the IA procedure, a tunnel is constructed through the right atrium. Several modifications have been made to the original Fontan procedure which have increased patient survival; however, long term complications still exist (Mair et al., 2001 ). These patients have limited exercise tolerance due to poor hemodynamic efficiency and having pumping power of only one ventricle (Brassard et al., 2006; Marsden et al., 2007; Whitehead et al., 2007) .
Although the blood flow in these anatomies is unsteady, pulsatility is often neglected when modeling TCPC hemodynamics, and time-averaged flow boundary conditions have traditionally been used. Recent studies have shown that pulsatility could have an effect on the hemodynamic predictions of TCPC when the pulsatility level is high (Marsden et al., 2007) . DeGroff et al. and Dur et al. showed that pulsatility led to significant increase in power loss in idealized models (DeGroff and Shandas, 2002; Dur et al., 2010) . Synchronized real-time echo data have also been used to study the effect of venous waveform on the efficiency of Fontan circulations (Dur et al., 2011) . De Zélicourt showed that in a patient with high flow pulsatility, the non-pulsatile assumption failed to capture the global flow characteristics (De Zélicourt, 2010) .
Using time-averaged boundary conditions can reduce experimental and numerical complexity which results in considerable savings in time and resources. However, a clear assessment of the effect of flow pulsatility on TCPC hemodynamics based on a large group of patient data is still missing. The hypothesis for the present study was that there is a threshold for the flow pulsatility amplitude above which the pulsatile nature of the flow has a strong influence on the TCPC hemodynamics, and conversely, under that threshold pulsatility can be neglected without significant errors in predicting the hemodynamic factors. In this work, a systematic numerical study was conducted on patient specific data from the Georgia Tech Fontan database to investigate this hypothesis. Patients with EC and IA TCPC configurations with different IVC and SVC flow pulsatility levels were included. The effects of geometry and flow waveform on the accuracy of the numerical prediction were investigated using both types of boundary conditions.
Materials and Methods

Patient Cohort
A total of 24 patient specific TCPC cases from Georgia Tech Fontan database were chosen in the present study. 12 IA and 12 EC patients were selected such that they represent different patient specific flow waveforms (e.g. flow rates, or pulsatility level). The patient data are summarized in Table 1 . All patients were imaged at the Children's Hospital of Philadelphia (CHOP). Informed consent was obtained from all patients and all study protocols complied with the Institutional Review Boards of CHOP and the Georgia Institute of Technology.
Anatomic reconstruction and Velocity segmentation
Patient specific 3D anatomies and flow conditions were obtained using magnetic resonance imaging (MRI) and phase contrast MRI (PCMRI). The MRI data were gated with the cardiac cycle, and the respiratory effects were not included. The MRI slices were first interpolated using the adaptive control grid interpolation technique, and then segmented using a bouncing ball algorithm. The in vivo 3D geometries were finally obtained by surface fitting performed in Geomagic Studio (Geomagic Inc., NC, USA) (Frakes et al., 2003; Frakes et al., 2008; Frakes et al., 2005) . Time-varying velocity fields, from through-plane PCMRI slices, were integrated over vessel cross-sectional areas (e.g. at venae cavae and pulmonary arteries) to calculate the associated flow rates throughout a cardiac cycle (Frakes et al., 2004; Sundareswaran et al., 2009b ).
Computational method
The numerical modeling was conducted using an in-house transient Navier-Stokes solver which has been demonstrated to adequately capture TCPC flow instabilities (De Zélicourt et al., 2009) . Briefly, the computational method is based on a sharp interface immersed boundary (IB) approach. In this approach the immersed boundary is recast into an unstructured Cartesian grid to reduce the challenges of meshing the complex TCPC anatomies (De Zélicourt et al., 2009 ). The spatial discretization scheme is based on a hybrid staggered/non-staggered arrangement. The convective terms are discretized using the upwind difference scheme. A fractional step formulation is used to solve the Navier-Stokes equations. In this method rigid walls are assumed for TCPC and blood is assumed as a single phase Newtonian fluid.
The minimum time steps were 2000 per cardiac cycle, and the Cartesian grid resolution was h=0.02D IVC , where D IVC is the equivalent hydraulic diameter of the IVC. This resolution has been shown to yield mesh insensitive results (De Zélicourt et al., 2009 ). The pulsatile inflow boundary conditions were taken directly from PCMRI measurements, and imposed as a uniform velocity profile at the inlets (IVC and SVC). To facilitate flow development, extension of 10mm and 50mm were added to the inlets and outlets. Outflow boundary conditions (at the PAs) were prescribed using the in vivo LPA/RPA mass flow splits obtained from PC MRI to ensure mass conservation. In the time-averaged simulations, the mean in vivo flow rates and mass flow splits were applied at the inlet and outlet boundaries, respectively.
Hemodynamic parameters and power loss
To quantify the inflow waveforms, cardiac output (CO), and IVC Reynolds number (Re) were used. Flow pulsatility was quantified by calculating the pulsatility index (PI) as:
( 1) where Qī, Q i min and Q i max are the average, minimum and maximum flow rates across vessel i, respectively. In order to better characterize the overall flow pulsatility in TCPC, a weighted pulsatility index, wPI, was defined as: (2) where n is the total number of inlet vessels, Q mean is the time-averaged total inlet flow, and c i is the flow split of vessel i.
In the present study, power loss and overall flow structures were compared between pulsatile and non-pulsatile simulations. By considering the flow structures, the difference between pulsatile and time-averaged simulations can be recognized qualitatively. Power loss provides a quantitative measure to understand the relative error in applying non pulsatile boundary conditions. Power loss (PL) is defined as the rate at which energy is dissipated in the fluid across the TCPC: (3) where, ρ, p, v, and Q respectively stand for blood density, hydrostatic pressure, mean velocity, and flow rate across each vessel cross-section. In pulsatile models, this quantity is averaged through a cardiac cycle. The relative error in calculating power loss is quantified by , where P and NP denote pulsatile and non-pulsatile simulations.
Effect of TCPC geometry and flow waveform
To investigate the relative significance of TCPC geometry and flow waveform on dPL, four TCPC samples with relatively high and low PIs (according to the PI range in Table 1) were studied. First, each TCPC sample was modeled using its patient specific flow waveform and dPL was calculated for both samples. In the next step, the boundary conditions were swapped between two geometries and dPL was calculated. Comparing the calculated dPL in the first and the second steps determines which parameter (geometry or flow waveform) has the dominant effect on dPL. The study was performed on two IA and two EC samples to investigate the effect of TCPC connection type.
To further investigate this point, four different virtual geometries were modeled using similar flow waveforms (Re IVC =390, C.O. = 2.25 L/min, PI=90). The geometries (IA, EC, and two Y graft designs) were produced using the SURGEM surgical planning tool Sundareswaran et al., 2009a) . Here, only the IVC connection was changed between the four cases and the geometry of other vessels (SVC, left SVC and PAs) was similar in all the cases.
Results
Comparison of pulsatile and non-pulsatile models
Pulsatility index of each vessel, as defined previously, represents the deviation of a vessel flow rate from its mean value throughout a cardiac cycle. In this section, several simulations were performed to investigate the effect of using non-pulsatile boundary conditions on the accuracy of hemodynamic predictions. To illustrate the findings, the pulsatile and nonpulsatile results obtained for two sample TCPC anatomies were compared; one with a high PI IVC (EC12, Figure 1 ) and one with a low PI IVC (IA1, Figure 2 ). The two anatomies have similar geometrical characteristics, with a very small caval offset and head-on collision between IVC and SVC flows, but differ in their PI levels. Pulsatile and non-pulsatile flow structures are illustrated using instantaneous 3D streamtraces color-coded by the vessel of origin.
In patient EC12, the IVC and SVC flows have similar time-averages (Table 1) At instant t1, reverse flow is observed in IVC and the pulmonary arteries. The SVC flow is dominant and has penetrated significantly into the IVC baffle. At t3, the SVC flow rate is still higher than the IVC flow rate and most of the IVC flow is directed to RPA. At t5, both IVC and SVC flows are nearly at peak and are distributed to the two PAs uniformly. At t9, IVC and SVC flow rates are equal, effective flow mixing is observed in the baffle, and a uniform flow distribution to PAs is observed. As a result of the high variations in the caval flow rates and their relative contributions, the mean pressure in the different vessels and the power losses vary significantly across the cardiac cycle and their time-averaged values significantly differ from the non-pulsatile ones ( Table 2 ). The calculated power losses from pulsatile and nonpulsatile simulations were 3 and 2 mW, respectively, having dPL=30% difference. The computational time for the model with pulsatile boundary conditions was approximately twice that for the model with time averaged boundary conditions in this case.
In comparison, as seen in Figure 2 and Table 2 , the flow structures and average pressures of patient IA1 do not change significantly between pulsatile and non-pulsatile models (PI IVC =20).
-b shows the flow structures for the time-averaged boundary conditions and -c presents time varying flow structures at four different points in the cardiac cycle. It is observed that IVC flow is always dominant and the SVC flow is mostly directed to the RPA. The calculated average power loss was 1.4 mW for both flow conditions. As summarized in Table 2 , the model with time-averaged boundary conditions accurately predicted the hemodynamics in this case.
Comparing the effect of TCPC geometry and flow waveform
In this section, the relative impact of the TCPC geometry and inflow waveforms on dPL was investigated. All results are summarized in Table 3 in terms of the error made when using the time-averaged boundary conditions (dPL). EC1 and IA1 (PI IVC =15% and 20%, respectively) represent the low pulsatility boundary conditions, while boundary conditions of EC12 and IA12 have high pulsatility (PI IVC =270% and 190%, respectively). The calculated dPL was less than 5% for both EC anatomies with low pulsatility applied, but was more than 30% under highly pulsatile flows. A similar change was observed in IA12 and IA1. The present results suggest that dPL is not significantly dependent on TCPC type. However, dPL is strongly dependent on the inlet flow waveform.
Next, four different virtual geometries were modeled using the same flow waveforms as shown in Figure 3 . The calculated dPL did not change significantly with respect to change in geometry and was 31%, 29%, 31% and 38% for M1 to M4, respectively.
Effect of cardiac output
The TCPC inlet flow waveforms can be characterized by cardiac output, which is the mean flow rate, and the pulsatility index, which is a measure of flow fluctuations from the mean value. For a given TCPC, a higher cardiac output results in higher power losses. Here, keeping the PI constant, the effect of increased cardiac output (simulated exercise condition) on dPL was investigated (Table 4) . Exercise condition is usually modeled/simulated considering 2 and 3 times increase in the resting IVC flow rate (Marsden et al., 2007; Whitehead et al., 2007) . It is observed that the order of magnitude of dPL does not change with increasing the flow rate. It suggests the higher impact of flow fluctuations, PI, on determining dPL compared to the impact of mean flow rate. Figure 4 shows dPL versus flow pulsatility for all the patients listed in Table 1 . As discussed before, dPL is generally higher in the samples with higher PI. It is observed that when flow pulsatility is small (wPI < 30), time-averaged boundary conditions can be used with a relatively small inaccuracy (dPL < 10%). On the other hand, when wPI > 50, the inaccuracy is higher (dPL > 20%). These thresholds can provide guidelines for selecting the most efficient modeling technique for future studies depending on the required accuracy of a specific study. Having patient specific wPI, the expected level of accuracy (here quantified by %dPL) of a non-pulsatile technique can be estimated. The following correlation between dPL and wPI can be derived based on the presented results for low and medium flow pulsatility levels, wPI < 100:
Effect of flow pulsatility
At higher pulsatility levels, wPI > 100, the relative error can be large (dPL > 30% for the present datasets).
Discussion
In the previous sections, it was shown that flow waveform has the primary effect on dPL. Although the mean cardiac flow rate affects the power loss, it does not change dPL significantly, when PI is maintained constant. The present results showed that the fluctuations in the flow waveform in a cardiac cycle have the largest effect on dPL. PI was used to characterize the time varying patient specific flow waveforms, and it was used to derive a correlation for dPL. When flow pulsatility is high, there are larger fluctuations in the flow, which can cause discrepancies between the results from pulsatile and steady simulations. To investigate which is the most representative index for this effect, two of the possibilities were: (i) selecting the highest PI of inlet vessels, or (ii) taking the average values of inlet PIs. However, as shown in Table 1 , PI and flow rates can be different in each of the inlet vessels. In some cases, a vessel with higher PI may provide a lower fraction of the cardiac flow and therefore its overall effect on dPL may not be significant. Therefore, a weighted pulsatility index, wPI, was defined.
A correlation between dPL and wPI was suggested based on the present results. This correlation can be combined with existing correlations for PL (such as the correlation derived by Dasi et al. (Dasi et al., 2008) ), to estimate PL which can be useful when detailed simulations are not necessary or applicable. Figure 5 presents the pulsatility indices of more than 100 TCPC patients in the Georgia Tech database. It is observed that in approximately 30% of patients pulsatility is in the lower range (wPI <30). Therefore, at least in one third of the TCPC cases, using time-averaged boundary conditions would result in less than 10% relative error in calculating power loss. In addition, it is observed that in approximately 60% of TCPC patients, wPI < 50. The present results predict that the relative error, dPL, is less than 20% for these cases, showing the significance of identifying these thresholds. As an example application, surgical planning for Fontan patients usually requires several numerical simulations for different surgical options. In addition, surgical planning cases usually require quick, while reliable, results. Based on the results of the present work, the cases for which the simplifying flow assumptions can be reliably used can quickly be identified, saving a considerable amount of time while maintaining accuracy.
It should be noted that the suggested thresholds are for IA and EC TCPC anatomies. The results may not be generalized to other anatomies (such as a large atriopulmonary connection or a persistent left SVC to a large coronary sinus connection) without further study. A large sinus baffle can act as a reservoir which damps the flow oscillations caused by pulsatile inflows.
In the computations, rigid walls are assumed for TCPC and blood is modeled as a single phase Newtonian fluid. It has recently been shown that there is a small effect of wall motion on time averaged energy loss (Long et al., 2012) , however geometrical parameters may have more significant effect on dPL if a compliant TCPC model is considered. Although the current modeling methods often ignore wall motion, this point should be considered in future studies.
Conclusions
The validity of applying steady flow boundary conditions in modeling EC and IA TCPC anatomies was investigated. The results show that when PI of venae cavae is large, the accuracy of hemodynamic predictions can be strongly affected by using time-averaged boundary conditions. Weighted pulsatility index (wPI) was introduced to identify the relative error in TCPC hemodynamic simulations. For the patients included in this study, the relative error in calculating power loss was less than 10 and 20% when wPI was less than 30 and 50%, respectively. These thresholds provide guidelines for identifying the appropriate type of boundary conditions for future studies of TCPC hemodynamics, based on the desired level of accuracy. Investigating more than 100 datasets of Fontan patients, it was found that wPI<50% in about 60% of patients, confirming that using the guidelines described in this paper, can result in considerable savings in time and computational resources. Pulsatile flow waveform (a), and streamtraces of EC12 with non-pulsatile (b), and pulsatile (c) boundary conditions Pulsatile flow waveform (a), and streamtraces of IA1 with non-pulsatile (b), and pulsatile (c) boundary conditions Table 3 Effect of anatomy and flow waveform on dPL 
